Mie-resonant high-index dielectric particles are at the core of modern all-dielectric photonics. In many situations, their response to the external fields is well-captured by the dipole model, which incorporates electric and magnetic dipole moments of the scatterers neglecting higher-order multipole contributions. In that case, it is commonly assumed that the dipole moments induced by the external fields are given by the product of particle polarizability tensor and the field in the particle center. Here, we demonstrate that the dipole response of non-spherical subwavelength dielectric particles appears to be essentially more complex since the dipole moments are defined not only by the field in the particle center but also by the second-order spatial derivatives of the field thus giving rise to the nonlocal response of the individual scatterer which is especially pronounced in the vicinity of anapole minimum in the scattering cross-section. As an illustrative example, we examine the response of high-index dielectric disks applying group-theoretical analysis and retrieving the nonlocal corrections to the dipole response from full-wave numerical simulations. These results provide important insights into meta-optics of Mie-resonant non-spherical particles as well as metamaterials and metadevices based on them.
I. INTRODUCTION
Over the recent years, all-dielectric nanophotonics and meta-optics [1 and 2] have demonstrated a variety of exciting functionalities including the strong directional scattering of light [3 and 4] , flexible phase manipulation of the transmitted signal with transparent metasurfaces [5] , high-quality modes of dielectric particles [6] , enhanced nonlinear phenomena in the arrays of resonant nanoparticles [7 and 8] and precise molecular fingerprinting with all-dielectric metasurfaces [9] . The physics underlying this plethora of effects is based on the combination of electric and magnetic responses of dielectric particles [10] [11] [12] , where an optical magnetic response is associated with circular displacement currents excited in the scatterer.
A key theoretical tool to capture electromagnetic behavior of subwavelength objects is multipole expansion [13] which presents the field scattered by the particle as a sum of different multipoles, each of them being characterized by the unique set of polarization and angular dependence of the radiation pattern. In many situations, the dominant contribution to the scattering cross-section of subwavelength particles is provided by the lowest-order multipoles, namely, magnetic and electric dipoles, while the contribution of higher-order multipoles can be neglected.
In that case, the physics of complex particle arrays can be efficiently explored using the discrete dipole model [14] [15] [16] [17] . In this approach, the scatterer is viewed as electric and magnetic dipoles placed in its center, while all information on particle properties is embedded into its electric and magnetic polarizability tensors. These tensors link the external fields acting on the particle to its dipole moments and can be retrieved from full-wave numerical simulations.
However, dielectric particles used in experimentally relevant situations are not that deeply subwavelength, and the diameter of the particle has typically the same order of magnitude as the wavelength of light at magnetic or electric dipole resonance [2] . Therefore, it is not obvious a priori that electric and magnetic dipole moments of an arbitrarily shaped particle are related only to the field in the particle center, but do not depend on spatial derivatives of the field. While the discussed physics is universally valid across the entire electromagnetic spectrum, in this Article we focus on the particles made of high-permittivity ceramics available in the microwave domain. We investigate the response of subwavelength high-index dielectric disks, when the choice of the particle center is straightforward, studying the frequency range where electric and magnetic dipole responses provide the dominant contribution to the scattering cross-section such that the contribution from the rest of multipoles is below 8%. Still, even under these circumstances, we reveal that the dipole moments of the disk are governed not only by electric and magnetic fields in its center but also by the second-order spatial derivatives of the fields which crucially determine the electromagnetic response of the disk in the vicinity of anapole minimum [18] in the scattering cross-section.
It should be stressed that our results are conceptually different from the nonlocal effects in small metallic nanoparticles manifested via size-dependent resonance shifts and linewidth broadening [19 and 20] . The latter effects occurring due to electron-electron interactions are enhanced as the size of plasmonic nanoparticle decreases. In stark contrast, the mechanism we discuss here becomes increasingly important as the size of the particle increases becoming of the same order of magnitude as the wavelength at the dipole resonance.
The rest of the article is organized as follows. In Sec. II we construct a general relation between the dipole moment of the particle from one side and incident field arXiv:2001.11731v1 [physics.optics] 31 Jan 2020 with its spatial derivatives from the other using the symmetry arguments. To support our analysis further, in Sec. III we consider a dielectric particle made of highpermittivity ceramics. The parameters of the particle are chosen in such a way that the dipole response dominates the rest of multipole contributions in a sufficiently wide frequency range. Performing full-wave numerical simulations, we extract polarizability of the particle at the fixed frequency along with the nonlocal corrections to its dipole response. Finally, Sec. IV concludes with a summary and an outlook for future studies.
II. SYMMETRY ANALYSIS OF THE DISK RESPONSE
In the most general scenario, electric and magnetic dipole moments d and m of the particle induced by the impinging plane wave can be presented as Taylor series with respect to wave vector k:
where SI system of units and e −iω t time convention are used. n th terms of both expansions scale as (R/λ) n relative to the respective leading-order terms, where R is the particle characteristic size and λ is the wavelength. Therefore, assuming that the particle is subwavelength, we keep only the first three terms in Eqs. (1), (2) .
Note that in the analysis below we define the dipole moment based on the angular dependence of the fields, consistently with Refs. [21 and 22] . In the alternative formulations of multipole expansion [23 and 24] , however, thus defined d i and m i correspond to the sum of dipole moment, toroidal moment and higher-frequency contributions.
Tensors β ijl and β (m) ijl describe bianisotropic response of the particle being zero for any inversion-symmetric configuration including the case of the disk. Furthermore, D ∞h symmetry group of the disk ensures that the tensors α ij , α
ijlm have two and six independent components, respectively, which strongly simplifies the analysis (see the details in Appendix). Due to symmetry, these tensors can be constructed only from Kronecker symbols δ ij and even powers of n vector directed along the disk axis. Besides that, α ij and γ ijlm are symmetric with respect to the first pair (i, j) of the indices due to symmetry of kinetic coefficients [25] ; γ ijlm is also symmetric with respect to the last pair (l, m) of the indices. The above requirements yield:
γ ijlm = γ 1 δ ij n l n m + γ 2 (n i n l δ jm + n j n m δ il +n j n l δ im + n i n m δ jl ) + γ 3 n i n j n l n m (4) +γ 4 δ ij δ lm + γ 5 (δ il δ jm + δ im δ jl ) + γ 6 n i n j δ lm , where α 1,2 and γ 1−6 are some unknown scalar coefficients.
Combining Eqs. (3), (4) with Eqs. (1), (2), we derive the expression for the dipole moment of the disk:
where we take into account that |k| = k 0 = ω/c and k · E = 0 since the incident field satisfies the condition div E = 0. α ⊥ and α are the standard frequencydependent components of polarizability tensor of an anisotropic particle defined as α ⊥ = α 1 + γ 4 k 2 0 and α = α ⊥ + α 2 + γ 6 k 2 0 . Similar equation holds for the magnetic dipole moment:
Quite importantly, if the particle is spherical and has full rotational symmetry, the only nonzero components of the tensors Eqs. (3), (4) are α 1 , γ 4 and γ 5 , which ensures that the link between the dipole moment and the field remains local.
In the case of a disk, second-order nonlocal corrections to the dipole moment of the particle are captured by the three additional terms proportional to γ 1 , γ 2 and γ 3 . Note that all of them exhibit characteristic dependence on the direction of the incident wave propagation since they depend on k z . Based on this observation, we consider the geometry illustrated in Fig components of the dipole moments given by the equations
whereas TM-polarized excitation [ Fig. 1(b) ] results in d x , d z and m y components of the dipole moments:
Hence, all relevant coefficients can be extracted by fitting the dependence of dipole moments on the incidence angle θ of the plane wave.
III. NUMERICAL SIMULATIONS
As a specific realization of cylindrical particles, we consider the disks made of high-permittivity ceramics ε = 39 with radius R = 14.55 mm and height h = 11.61 mm. Chosen parameters ensure that electric and magnetic dipole resonances residing in the range f = (2.2 ÷ 2.8) GHz are well-separated from the higher-order multipole resonances. Furthermore, 2R/λ ≈ 0.24 in the chosen frequency range, which means that the size of the disk is of the same order of magnitude as the wavelength.
Examining the response of the disks to the incident TE-polarized plane wave [geometry Fig. 1(a) , θ = π/2], we recover a single characteristic peak in the scattering cross-section at frequencies around 2.4 GHz [ Fig. 2(a) ]. Multipole analysis of the scattered field reveals the dominant contribution of an electric dipole, while the contributions from magnetic dipole and from higher-order multipoles are strongly suppressed, which means that the incident field excites in-plane electric dipole resonance of the disk. Note also that the scattering spectrum has a pronounced minimum at frequencies around 2.5 GHz, which corresponds to the so-called anapole.
TM-polarized excitation [geometry Fig. 1(b) , θ = π/2] gives rise to the two scattering peaks: one around 2.4 GHz with the dominant contribution of in-plane magnetic dipole and another around 2.8 GHz, corresponding to z-oriented electric dipole. The contribution of higherorder multipoles to the scattering cross-section in the frequency range (2.20 ÷ 2.75) GHz is below 4 cm 2 and Next, we fix the frequency of excitation to be quite close to the anapole minimum, f = 2.44 GHz, varying the incidence angle θ. Using multipole decomposition technique [21] [22] [23] , we evaluate complex amplitudes of the disk dipole moments for both polarizations of excitation as a function of θ. Setting the phase of the incident wave to zero in the disk center, we plot the results for TE and TM polarizations in Figs. 3 and 4 , respectively. Interestingly, dipole moment d y induced by TEpolarized plane wave features strong dependence on the incidence angle shown in Fig. 3(a) . Since the disk is non-bianisotropic, this dipole moment occurs purely due to the electric field E. However, y projection of the electric field does not depend on the incidence angle θ and therefore the results of simulations clearly show that the response of the disk is indeed beyond the simplified model based on local polarizability tensors. Somewhat similar situation is observed for TM-polarized excitation, 0.00 0.25 0.50 0.75 1.00 cos θ when induced magnetic moment m y also depends on the incidence angle [ Fig. 4(a) ], serving as a fingerprint of "magnetic" nonlocalities. The rest of dipole moments [ Fig. 3(b,c) , Fig. 4(b,c) ] feature almost linear dependence on cos θ or sin θ with relatively small deviations in agreement with Eqs. (8), (9), (11), (12) .
To provide a more comprehensive picture, we fit the simulation data by Eqs. (7)- (12) , extracting the relevant parameters: 5 for electric and 5 for magnetic dipole response of the disk. Calculated results are presented in Table I . Chosen frequency close to the resonance for in-plane magnetic dipoles gives rise to a quite large imaginary part of magnetic polarizability α appear to be negative, since the considered frequency 2.44 GHz is higher than the resonance frequencies for z-oriented magnetic dipole or in-plane dipoles. At the same time, the frequency of excitation is below resonance frequency for z-oriented electric dipole, which ensures that the real part of α is positive.
While conventional electric and magnetic polarizabilities have comparable magnitudes, "electric" nonlocal coefficients strongly exceed their "magnetic" counterparts. We associate such behavior with the choice of excitation frequency which appears to be quite close to the anapole minimum in the scattering spectrum. As a result, local electric polarizabilities are dramatically suppressed and nonlocal contributions become sizeable. Similarly, realizing the so-called magnetic anapole by canceling the radiation from the magnetic dipole, one can expect to substantially enhance magnetic nonlocalities.
IV. DISCUSSION AND OUTLOOK
In summary, we have investigated dipole response of Mie-resonant non-spherical particles in the region of crossover from R/λ 1 to R/λ ∼ 1, which is the case for experimentally relevant situations. As we have proved for the case of dielectric disks, dipole moments induced by the incident field are determined not only by the field in the particle center but also by the secondorder spatial derivatives of the field, which gives rise to nonlocality of the particle dipole response. We have also demonstrated that the predicted nonlocal effects are especially pronounced in the vicinity of anapole minimum in the scattering spectrum reaching up to 50% of local response thereby largely governing light scattering in this frequency range.
Even though our simulations refer to the scenario of plane wave excitation, the obtained results including Eqs. (5) , (6) for the dipole moments are easily generalized to the case of arbitrary spatial dependence of the fields by replacing k n by −i ∂ n .
Furthermore, our results can be applied not only in the microwave domain but also at infrared and visible frequencies, for instance, to silicon nanodisks, which have been studied extensively during the recent years [3 and 4] . In that case, however, higher-order multipole contributions have to be taken into account on the same footing with the nonlocal contributions to dipole moments, since dipole and higher-order multipole resonances are no longer well-separated due to lower refractive index. The approach developed here can be directly generalized to the cases of less symmetric particles or larger scatterers when higher-order spatial derivatives of the field have to be incorporated. Moreover, our analysis can also be applied to the case of higher-order multipole moments, for instance, electric and magnetic quadrupoles. The nonlocal response of the individual scatterers provides an interesting perspective on spatial dispersion effects in metamaterials, which have previously been linked purely to the interactions of resonant scatterers with each other, while nonlocalities inherent to the individual meta-atoms were neglected [26] [27] [28] .
Finally, we believe that our findings provide valuable insights into meta-optics and all-dielectric nanophotonics by highlighting truly nonlocal behavior of their basic building blocks -Mie-resonant nanoparticles.
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APPENDIX. SYMMETRY ANALYSIS OF THE DISK DIPOLE RESPONSE
In this Appendix, we calculate the number of independent components of the tensors α ij and γ ijlm that enter Eq. (1) applying group-theoretical arguments [29] . We assume D ∞h symmetry group of the particle and take into account symmetry of the tensors with respect to permutation of i, j and l, m indices.
First, we notice that the vectors d, E and k transform according to E 1u (Π u ) representation of D ∞h symmetry group. To simplify our analysis, we consider finite D N h group setting N → ∞ at later steps. This group includes rotations around vertical z axis by angles ϕ n = 2π n/N , where n = 0 . . . (N − 1), further denoted as C ϕ ; rotations by π around N horizontal symmetry axes of polygon, C 2 ; all previous symmetry transformations followed by spatial inversion, i C ϕ and i C 2 . Note that identity element is contained in C ϕ with ϕ = 0. The characters of all these transformations for E 1u (Π u ) representation are provided in the third line of the table II. Without additional constraints, representations of the tensors α ij and γ ijlm correspond to the tensor products D ⊗ D and D ⊗ D ⊗ D ⊗ D, respectively, where D matrices realize E 1u (Π u ) representation of D N h symmetry group. However, constructed matrix representations should also be symmetric with respect to the interchange of indices i, j and l, m. Hence, we should construct symmetrized matrices of representation
D ijlm,i j l m (R)
The respective characters of these symmetrized representations are calculated as:
χ(R) = 1 4 χ 4 (R) + 2 χ 2 (R) χ(R 2 ) + χ 2 (R 2 ) . (16) Clearly,χ andχ calculated for C ϕ and i C ϕ depend on ϕ, but in our analysis we are interested in the values of these characters averaged over ϕ; these values are provided in the fifth and sixth lines of the table II. Finally, we can determine the number of independent components of the tensors under consideration by calculating the number of times that unity representation enters the constructed symmetrized representations:
ν(γ) = 1 4 N N kχ (C k ) = 6 .
Hence, α ij and γ ijlm tensors contain two and six independent components, respectively, as indicated in the article main text. 
